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Osteocalcin differentially requlates B cell and
adipocyte gene expression and affects the
development of metabolic diseases in wild-type mice
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The osteoblast-specific secreted molecule osteocalcin behaves as a
hormone regulating glucose metabolism and fat mass in two
mutant mouse strains. Here, we ask two questions: is the action of
osteocalcin on B cells and adipocytes elicited by the same concen-
trations of the molecule, and more importantly, does osteocalcin
regulate energy metabolism in WT mice? Cell-based assays using
isolated pancreatic islets, a B cell line, and primary adipocytes
showed that picomolar amounts of osteocalcin are sufficient to
regulate the expression of the insulin genes and g cell proliferation
markers, whereas nanomolar amounts affect adiponectin and
Pgc1a expression in white and brown adipocytes, respectively. In
vivo the same difference exists in osteocalcin’s ability to regulate
glucose metabolism on the one hand and affect insulin sensitivity
and fat mass on the other hand. Furthermore, we show that
long-term treatment of WT mice with osteocalcin can significantly
weaken the deleterious effect on body mass and glucose metab-
olism of gold thioglucose-induced hyperphagia and high-fat diet.
These results establish in WT mice the importance of this novel
molecular player in the regulation of glucose metabolism and fat
mass and suggest that osteocalcin may be of value in the treatment
of metabolic diseases.

fat | insulin | diet-induced obesity | diet-induced diabetes | adiponectin

We recently showed that the uncarboxylated form of the
osteoblast-specific secreted molecule osteocalcin func-
tions as a hormone regulating glucose metabolism and fat mass
(1). However, this unexpected role for osteocalcin had not
previously been exclusively demonstrated in genetically modified
animals such as the Osteocalcin™~ and Esp~'~ mice (1, 2). The
latter mouse model exhibits an osteocalcin gain of bioactivity.
Data generated in these two animal models and cell-based assays
showed that osteocalcin can increase 3 cell proliferation, stim-
ulate insulin expression and secretion by pancreatic B8 cells,
enhance energy expenditure, and increase expression of adi-
ponectin, an insulin-sensitizing hormone produced by adipocytes
@3, 4).

The next critical question to answer is whether the functions
of osteocalcin on energy metabolism extend to WT animals.
Moreover, if it is the case, one needs to know whether identical
or different concentrations of osteocalcin are required to affect
glucose metabolism and fat mass. Answers to these questions are
of critical importance for two reasons. First, if osteocalcin has an
effect in WT mice it would firmly establish the notion that it is
a physiologically important hormone; second, it would start
addressing the therapeutic potential of this new player in the
regulation of energy metabolism.

Thus, we embarked on a systematic analysis of osteocalcin
relevance in regulating energy metabolism in WT mice. We
performed in vitro and in vivo assays to determine the doses of
osteocalcin able to affect various aspects of energy metabolism
and tested different doses of osteocalcin in WT mice fed either
a normal diet or a diet favoring obesity and type 2 diabetes. We
show here that different, but overlapping, amounts of osteocal-
cin, in the picomolar to nanomolar range, affect insulin secretion
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and 3 cell proliferation on the one hand and fat mass on the other
hand. Moreover, osteocalcin can significantly decrease the se-
verity of obesity and type 2 diabetes in WT mice raised under
conditions favoring appearance of these two diseases.

Results and Discussion

Differential Effects of Osteocalcin on Islet, B Cell, and Adipocyte Gene
Expression. To define the conditions to best assess the effect of
osteocalcin in vivo in WT mice we first asked whether similar or
different amounts of this molecule were necessary to affect gene
expression in various cell types in cell culture. We had shown
previously that osteocalcin can enhance insulin expression 50%
above basal level when using primary mouse islets prepared and
treated the same day. In the experiments presented here, islets
were left to recover overnight before treatment, and as a result
we saw up to a 6-fold increase in insulin gene expression after
osteocalcin treatment. This large amplitude of the effect of
osteocalcin allowed us to perform a dose-response experiment.

Uncarboxylated osteocalcin concentration is ~7 ng/ml in WT
adult mice (1). Thus, in these experiments we used amounts of
osteocalcin ranging 200-fold lower than its physiological con-
centration to 4-fold higher. At a concentration as low as 0.03
ng/ml (6 pM) osteocalcin already doubled expression of the two
mouse insulin genes, Ins! and Ins2 (5) (Fig. 14). At 0.3 ng/ml (60
pM) osteocalcin triggered up to a 6-fold increase in InsI expres-
sion, indicating that at a quite low concentration it is a powerful
regulator of insulin expression. Remarkably, at concentrations
>(.3 ng/ml, the effect of osteocalcin on insulin expression was
progressively reduced (Fig. 1A4). In islets, osteocalcin also in-
duced expression of CyclinD2 and Cdk4, two genes necessary for
B cell proliferation in vivo (6, 7), with a dose-response similar to
the one observed for insulin expression (Fig. 1B). To determine
whether osteocalcin acts on B cells directly, we treated MIN6
cells, a mouse B cell line that retains glucose-induced insulin
secretion capability (8), with osteocalcin. Expression of both
insulin genes and CyclinD2 was increased at doses of osteocalcin
as low as 0.3 ng/ml (Fig. 1C). Taken together, these data indicate
that in vitro B cell proliferation and insulin expression are
significantly affected by relatively low concentrations of osteo-
calcin, ranging from 0.03 to 0.3 ng/ml, i.e., 6—60 pM.

We next asked whether similar amounts of osteocalcin were
sufficient to affect adipocyte gene expression. To that end, we
measured the expression of adiponectin, a regulator of insulin
sensitivity, in white adipocytes (1, 3, 4), and Pgcl o and Ucp1, two
molecular markers of energy expenditure (9), in brown adipo-
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Fig. 1. Different doses of osteocalcin affect gene expression in B cells and
adipocytes. Real-time PCR analysis of gene expression in pancreatic islets (A
and B), MING6 g cells (C), and primary white (D) or brown (E) adipocytes treated
for 4 h with the indicated concentrations of osteocalcin (Ocn) or vehicle is
shown. (A) Expression of Ins7, Ins2 insulin genes. (B) Expression of CyclinD2 and
Cdk4. (C) Expression of Ins1, Ins2 insulin genes and CyclinD2. (D) Expression of
adiponectin (white adipocytes). (E) Expression of Pgcla and Ucp! (brown
adipocytes). All experiments were repeated three times in duplicate. Results
are mean values = SEM. *, P < 0.05 (osteocalcin vs. vehicle, Student’s t test).

cytes, treated with osteocalcin ex vivo. As shown in Fig. 1D,
whereas adiponectin expression was not significantly increased by
concentrations of osteocalcin <1 ng/ml its expression was max-
imally enhanced by amounts of osteocalcin ranging from 10 to 30
ng/ml. Likewise, expression of Pgcla and Ucp! in brown adipo-
cytes was maximally increased at doses of osteocalcin >3 ng/ml
(Fig. 1E). Although still in the nanomolar range those concen-
trations are about one order of magnitude higher than what is
necessary to induce gene expression in primary pancreatic 3
cells. Taken together, the results of these cell-based assays
indicate that overlapping, but different, amounts of osteocalcin
are required to regulate 8 cell and adipocyte gene expression.

Differential Effects of Osteocalcin on Glucose Metabolism and Fat
Mass in Vivo. In light of these results, we then tested whether
different amounts of osteocalcin were required to affect insulin
secretion, insulin sensitivity, and fat mass in WT mice. To
address this question, we implanted pumps delivering various
hourly amounts of osteocalcin in 8-week-old WT mice, measured
blood glucose levels, performed metabolic tests and analyzed
gene expression, serum parameters, and fat mass 4 weeks later.

Mice implanted with pumps delivering osteocalcin at 0.3 or 3
ng/h displayed significantly lower blood glucose levels than mice
implanted with pumps delivering vehicle; this hypoglycemia was
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concomitant with an increase in serum insulin level (Fig. 2.4 and
B). Remarkably, in mice infused with a high rate (30 ng/h) of
osteocalcin there was no decrease in blood glucose levels (Fig.
2A4). Consistent with an increased in serum insulin levels,
glucose-stimulated insulin secretion (GSIS) tests showed that
insulin secretion was significantly improved in WT mice infused
with either 0.3 or 3 ng/h of osteocalcin (Fig. 2C). As a result of
this increase in insulin secretion, tolerance to glucose, measured
by glucose tolerance test (GTT), was also significantly improved
in WT mice infused with 0.3 and 3 ng/h of osteocalcin (Fig. 2D).
In contrast, WT mice implanted with pumps delivering either
0.03 or 10 ng/h of osteocalcin behaved like mice receiving vehicle
[supporting information (SI) Fig. 6]. This effect of osteocalcin
extended to cell proliferation because Ki67 immunostaining in
pancreas showed that B cell proliferation was increased 2- and
3-fold in mice infused with 0.3 and 3 ng/h of osteocalcin,
respectively, whereas it was not increased in mice infused with 30
ng/h (Fig. 2E). These results establish that in vivo, as it is the case
in vitro, low amounts of osteocalcin up-regulate insulin secretion
and f3 cell proliferation, whereas higher amounts do not.

Next, we asked what amounts of osteocalcin were required to
regulate insulin sensitivity. To that end we performed insulin
tolerance tests (ITTs). Mice implanted with pumps delivering 0.3
and 3 ng/h of osteocalcin showed significantly greater insulin
sensitivity than mice receiving vehicle (Fig. 34). However, and
in contrast to what we observed for $ cell proliferation and
insulin secretion, insulin sensitivity was further improved in mice
implanted with pumps delivering 30 ng/h of osteocalcin (Fig. 34).
Accordingly, molecular studies showed that expression of Mcad,
a marker of insulin sensitivity in muscle (10, 11), was increased
in mice implanted with pumps delivering 0.3 and 30 ng/h of
osteocalcin (Fig. 3B), as was expression of Ppary, a marker of
insulin sensitivity in white fat (Fig. 3C). Consistent with this
increase in insulin sensitivity, gene expression of adiponectin, an
insulin-sensitizing hormone whose expression is down-regulated
in Osteocalcin =/~ mice, was up-regulated in a dose-dependent
manner by osteocalcin at doses ranging from 0.3 to 30 ng/hin WT
mice (Fig. 3D). Consequently, expression of adiponectin target
genes, including Acyl-CoA, Ucp2, and Ppara (12, 13), was also
significantly increased in white fat of mice implanted with pumps
delivering osteocalcin at 30 ng/h and to a lesser extent in mice
receiving 0.3 ng/h of osteocalcin (Fig. 3E).

Because Esp™/~ mice are lean, we next assessed whether
osteocalcin could decrease fat mass in WT mice (1). Here, we
studied mice implanted with pumps delivering amounts of
osteocalcin ranging from 0.3 to 30 ng/h. We did not detect any
effect of osteocalcin infusion on food intake and body weight of
WT mice fed a regular diet (SI Fig. 7). However, as shown in Fig.
3 F and G, mice receiving 3, 10, and 30 ng/h of osteocalcin
exhibited a significant and dose-dependent decrease in fat pad
mass and serum triglycerides concentration. In these mice, there
was also a decrease in expression of Perilipin and Triglyceride
lipase (Tgl), two genes proposed to be regulated by osteocalcin
(1, 14, 15) (Fig. 3H). Taken together, these results confirm the
in vitro observations and suggest that overlapping, but different,
amounts of osteocalcin are required to affect insulin secretion,
insulin sensitivity, and fat mass.

Osteocalcin Weakens the Development of Obesity and Diabetes in WT
Mice. Given the remarkable efficacy of osteocalcin infusion in
WT mice, we began to evaluate the potential therapeutic rele-
vance of this molecule by testing its effect in two models of
obesity. First, we used a classical model of diet-induced obesity
(16). Three groups of WT mice were studied: one fed a normal
diet and implanted with placebo pellets, a second fed a high-fat
diet and implanted with pellets releasing 3 ng/h of osteocalcin,
and a third also fed a high-fat diet but implanted with placebo
pellets. As expected, mice fed the high-fat diet and not receiving
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Low doses of osteocalcin increase insulin secretion and g cell proliferation in WT mice. Analyses were performed in mice implanted with osmotic pumps

infusing the indicated doses of osteocalcin (Ocn) or vehicle for 14 days (A) and 28 days (A-E). (A) Blood glucose (random feeding). (B) Serum insulin. (C) GSIS.
(D) GTT. (E) Quantification of Ki67 immunoreactive cells in pancreatic islets. Results are mean values + SEM. *, P < 0.05; **, P < 0.01 (Ocn vs. vehicle, Student'’s
ttest). a, P < 0.05 (Ocn 0.3 ng/h vs. vehicle); b, P < 0.05 (ANOVA) (Ocn 3 ng/h vs. vehicle). Six to 20 mice per group were analyzed.

osteocalcin became obese over a period of 8 weeks and devel-
oped glucose intolerance and insulin insensitivity as measured by
GTTand ITT, respectively (Fig. 4 A-E). On the other hand, mice
fed the high-fat diet and receiving osteocalcin gained signifi-
cantly less weight and had significantly smaller fat pads and
normal levels of triglycerides (Fig. 4 A-C). They were also
significantly less glucose-intolerant and more insulin-sensitive
than WT mice fed the same diet but without osteocalcin (Fig. 4
D and E). No significant differences in food intake could be
observed between the groups of mice implanted with osteocalcin
or placebo pellets (Fig. 4F). To determine molecularly whether
the protective effect of osteocalcin was secondary, at least in
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part, to an increase in energy expenditure we measured the
expression of Pcgla and Ucpl in brown adipose tissue (9). As
shown in Fig. 4G, expression of these genes was significantly
higher in mice implanted with a pellet delivering osteocalcin than
in mice implanted with a placebo pellet.

We also tested the effect of osteocalcin on a model of obesity
and glucose intolerance induced by hyperphagia. Four-week-old
WT mice were injected with gold thioglucose (GTG) to destroy
the neurons of the ventromedial hypothalamic nuclei (17). Two
weeks later PBS- and GTG-injected mice were implanted with
pumps delivering 3 ng/h of osteocalcin or vehicle. GTG increased
food intake to the same extent in mice implanted with pumps
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Osteocalcin favors insulin sensitivity and decreases fat mass in WT mice. All analyses compare mice implanted for 28 days with osmotic pumps delivering

the indicated doses of osteocalcin (Ocn) or vehicle. Gene expression was analyzed by real-time PCR (B-E and H). (A) ITT (insulin injection: 0.5 units/kg). (B)
Expression of Mcad in muscle. (C) Expression of Ppary in white fat. (D) Expression of adiponectin in white fat. (E) Expression of adiponectin target genes in white
fat. (F) Fat pad mass. (G) Serum triglycerides. (H) Expression of markers of lipolysis in fat. Results are mean values = SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001
(Ocn vs. vehicle, Student’s t test). a, P < 0.05 (Ocn 0.3 ng/h vs. vehicle); b, P < 0.05 (Ocn 3 ng/h vs. vehicle); P < 0.05; ¢, P < 0.05 (Ocn 30 ng/h vs. vehicle) (ANOVA).
Six to 20 mice per group were analyzed.
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Fig. 4. Osteocalcin prevents diet-induced obesity and diabetes. All analyses
compare mice fed a normal diet (ND) or a high-fat diet (HFD) and implanted
with osteocalcin (Ocn, 3 ng/h) or placebo pellets. (A) Body weight. (B) Fat pad
weight. (C) Serum triglycerides. (D) GTT. (E) ITT (insulin injection: 0.75 units/
kg). (F) Food intake. (G) Expression of PgcTa and Ucp1 in brown fat (real-time
PCR). Results are mean values = SEM. *, P < 0.05 (Ocn vs. placebo, Student’s
t test). #, P < 0.05 (HFD vs. ND, Student’s t test). a, P < 0.05 (Ocn vs. placebo);
b, P < 0.05 (HFD vs. ND); ¢, P < 0.05 (Ocn vs. ND) (ANOVA). Six to nine mice per
group were analyzed.

delivering osteocalcin or vehicle, indicating that neurons con-
trolling appetite has been destroyed in both cases (Fig. 54). Eight
weeks later, the mice were killed and GTG-induced lesions were
verified histologically (SI Fig. 8). GTG-injected mice infused
with 3 ng/h of osteocalcin gained significantly less weight and had
a significantly reduced fat mass and decreased serum triglycer-
ides levels compared with mice infused with vehicle (Fig. 5 B-D).
Moreover, when studying blood glucose levels after random
feeding, glucose tolerance through GTT, and insulin sensitivity
through ITT there was no difference between PBS-injected and
GTGe-injected mice treated with 3 ng/h of osteocalcin, whereas
GTGe-injected mice treated with vehicle were glucose-intolerant
and insulin-insensitive (Fig. 5 E-G). Taken together, these data

Ferron et al.

show that whether we use a model of hyperphagia (GTG
lesioning) or diet-induced obesity osteocalcin protects to a large
extend against obesity and type 2 diabetes.

This study extends our recent results in several points. First, we
show here that osteocalcin acts directly on 8 cells in culture, thus
suggesting that this is the mechanism whereby it regulates 3 cell
mass and insulin expression in vivo. Second, we show that,
unexpectedly, different amounts of osteocalcin are required to
regulate B cell proliferation and insulin secretion on the one
hand and fat mass and insulin sensitivity on the other hand. In
both cases, the amount of osteocalcin required is relatively low,
ranging from picomolar to nanomolar amounts. Third, we
provide evidence that osteocalcin acts in WT mice to improve
glucose handling and reduce fat mass, and that as a result it can
reduce the severity of obesity and type 2 diabetes. All of these
results were obtained through continuous delivery of osteocal-
cin. It remains to be determined whether intermittent delivery of
that hormone will have the same effects as is the case for insulin
or instead will have paradoxical effects as is the case for the
parathyroid hormone (18, 19).

Regardless of this latter concern, the results presented here
indicate that fostering our knowledge of the mechanisms of
action of osteocalcin would enhance our understanding of the
overall regulation of energy metabolism. We assume that like
most hormones osteocalcin acts through a receptor located on
target cells. At the present time the identity of this receptor is
unknown. Given the remarkable effects of osteocalcin described
here in WT mice, another question to be addressed is to
determine whether its metabolic functions are also present in
other vertebrate species.

Materials and Methods

Recombinant Osteocalcin Purification. Purification of bacterially produced
mouse recombinant uncarboxylated osteocalcin was performed as described
(1). Briefly, GST-osteocalcin fusion protein was bacterially produced and pu-
rified on glutathione-Sepharose according to standard procedures. After
extensive washes, osteocalcin was then cleaved out from the GST moiety by
using thrombin. A HiTrap Benzamidine column was subsequently used to
deplete the thrombin from the preparation. Purity (>95%) of the osteocalcin
preparation was assessed by Tris-Tricine SDS/PAGE stained with Coomassie (SI
Fig. 9). Concentration and integrity of the recombinant osteocalcin protein
was precisely determined by using osteocalcin RIA (Immunotopic). Endotoxin
concentration in the recombinant osteocalcin preparations used for infusion
was determined as below the detection limit (0.12 EU) by using the Limulus
Amebocyte Lysate assay (Cambrex).

Animals and Surgery. C57BL/6J mice were purchased from The Jackson Labo-
ratory. They were implanted s.c. with 28-day osmotic pumps (Alzet) filled with
a solution of recombinant osteocalcin or vehicle or with 3-month delivery
custom-made osteocalcin (3 ng/h delivery) or placebo pellets (Innovative
Research of America). For GTG lesioning, 4-week-old females were injected
with a single dose of GTG (0.5 mg/g) or with PBS after an overnight fast and
were implanted with osmotic pumps 2 weeks later. High-fat diet contained
58% fat (Research Diets D12331).

Blood Parameters Measurement. Morning blood glucose was measured with
an Accu-check glucometer (Roche). Serum insulin was measured with an ELISA
kit (Crystal Chem). Serum triglycerides were measure by a standard colorimet-
ric assay (Sigma).

Metabolic Tests. GTT was performed after overnight fasting. Two grams/kg of
glucose was administrated through an i.p. injection, and blood glucose was
measured at the indicated time points. In experiments involving glucose-
intolerant mice, animals were fasted for only 4 h and 1g/kg of glucose was
injected. An ITT was performed after 4 h of fasting: insulin (Sigma; 0.5 or 0.75
units/kg) was injected i.p., and blood glucose was measured at the indicated
time points. In the GSIS test, glucose was injected (3 g/kg) in mice after an
overnight fast. Serum was then collected from tail veins at the indicated times.
Serum insulin was subsequently measured by ELISA.
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were analyzed.

Primary Cells Isolation and Culture. Primary adipocytes were isolated from
gonadal fat pads (white adipocytes) or interscapular brown fat (brown adi-
pocytes), dissected, and minced in PBS. Tissues were digested for 1 hat37°Cin
1 mg/ml collagenase (in KRP buffer; 20 mM HEPES, 120 mM NaCl, 6 mM KCl,
1.2 mM MgSOs, 1 mM CaCl,, 0.6 mM NayHPO4, 0.4 mM NaH,PO4, 2.5 mM
p-glucose, 2% BSA, pH 7.4) as described (1, 20). After filtration the brown
adipocytes were centrifuged and plated in DMEM (25 mM glucose), 20% FBS,
and 20 mM Hepes. Twenty-four hours later, cells were washed and starved for
4hin DMEM, 1% FBS, and 20 mM Hepes and then treated with osteocalcin for
4 h. Purified white fat adipocytes were directly cultured for 1 h in «MEM
supplemented with 1% FBS before 4-h treatments with various concentrations
of osteocalcin or vehicle. Primary islets were isolated as described (1, 21).
Briefly, after clamping the common bile duct at its entrance to the duodenum,
ducts were canulated and pancreas were injected with 3 ml of a collagenase
P (0.5 mg/ml; Roche) solution in complete HBSS (HBSS 1X supplemented with
20 mM Hepes, pH 7.4, and 2 mM CaCl,). Dissected pancreata were then
digested in 5 ml of complete HBSS for 15 min, after which they were disrupted
by shaking. Islets were subsequently purified through Histopaque 1077 den-
sity centrifugation (Sigma). Islets were then cultured for 1 h at 37°C in CMRL
medium (Gibco) supplemented with 10% FCS, handpicked, and cultured in the
same medium overnight before being treated for 4 h with various concentra-
tion of osteocalcin or vehicle in MEM supplemented with 1% FBS. MING6 cells
were maintained in DMEM (25 mM glucose), 2 mM glutamine, 15% FBS, and
70 uM 2-mercaptoethanol as described (8). The day before treatment they
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